A central aspect of pathogenesis in the transmissible spongiform encephalopathies or prion diseases is the conversion of normal protease-sensitive prion protein (PrPsen) to the abnormal protease-resistant form, PrP-res. Here we identify porphyrins and phthalocyanines as inhibitors of PrP-res accumulation. The most potent of these tetrapyrroles had IC 50 values of 0.5-1 M in scrapie-infected mouse neuroblastoma (ScNB) cell cultures. Inhibition was observed without effects on protein biosynthesis in general or PrP-sen biosynthesis in particular. Tetrapyrroles also inhibited PrPres formation in a cell-free reaction composed predominantly of hamster PrP-res and PrP-sen. Inhibitors were found among phthalocyanines, deuteroporphyrins IX, and meso-substituted porphines; examples included compounds containing anionic, neutral protic, and cationic peripheral substituents and various metals. We conclude that certain tetrapyrroles specifically inhibit the conversion of PrP-sen to PrP-res without apparent cytotoxic effects. The inhibition observed in the cell-free conversion reaction suggests that the mechanism involved direct interactions of the tetrapyrrole with PrP-res and͞or PrP-sen. These findings introduce a new class of inhibitors of PrP-res formation that represents a potential source of therapeutic agents for transmissible spongiform encephalopathies.
The bovine spongiform encephalopathy epidemic and the appearance of the new variant of Creutzfeldt-Jakob disease in humans has heightened the urgency to develop therapies for the transmissible spongiform encephalopathies (TSE) or prion diseases. TSE pathogenesis appears to result from the accumulation in the central nervous system of the abnormal protease-resistant form of prion protein (PrP-res), which is derived from its normal protease-sensitive isoform, PrP-sen (for review, see ref. 1) . The PrP-sen-to-PrP-res conversion involves changes in conformation and͞or monomer aggregation without apparent modifications of amino acid residues.
One approach to TSE therapy is to inhibit PrP-res formation in the infected host. Sulfated glycans and the sulfonated amyloid stain Congo red are known inhibitors of PrP-res formation and scrapie agent replication in scrapie-infected neuroblastoma (ScNB) cells (2) (3) (4) . These polyanions are also protective against scrapie in rodents if administered near the time of infection but, unfortunately, have no therapeutic benefit after the infection has reached the central nervous system (5) (6) (7) (8) . Their therapeutic ineffectiveness postinfection may be a result of an inability to cross the blood-brain barrier to the brain where most of the PrP-res accumulates and TSE pathogenesis occurs. This problem and͞or inherent toxicity also limit the utility of other classes of potential drugs, the polyene antibiotics (9) and anthracycline (10) .
Porphyrins and phthalocyanines (Pcs) are tetrapyrrole compounds that possess characteristics that make them of interest as potential inhibitors. These tetrapyrroles bear some structural resemblance to Congo red in that they all contain hydrophobic aromatic rings and can be synthesized with sulfonate groups. Tetrapyrroles can bind strongly and selectively to proteins and affect changes in protein conformation (11) (12) (13) (14) (15) (16) (17) (18) , potentially critical properties of an effective inhibitor. Tetrapyrroles are available with wide variations in structure, low toxicities in medical applications (19) (20) (21) (22) , and the apparent ability to cross the blood-brain barrier (23) (24) (25) (26) .
In the present study, we identified tetrapyrroles that inhibit the formation of PrP-res in ScNB cells and in a cell-free system. Included were deuteroporphyrins IX (DPs) that are analogs of the natural hemes A, B, C, and S (13), meso-substituted porphines, and Pcs. Surprisingly, the structures of some effective inhibitors were inconsistent with the structural features thought to be important in Congo red and other known inhibitors of PrP-res formation.
MATERIALS AND METHODS
Tetrapyrrole Compounds. The compounds used were obtained from either Porphyrin Products (Logan, UT) or Midcentury (Posen, IL) and used as received.
Immunoblot Assay for PrP-res Accumulation in ScNB Cell Cultures. The immunoblot assay for PrP-res accumulation was performed as described previously (3) . In brief, after the treatments of the ScNB cells as described in Results, the cells were lysed with detergent. The lysates were cleared of debris with a low-speed centrifugation and treated with proteinase K (PK) to remove PrP-sen. The PrP-res was pelleted by ultracentrifugation, solubilized in SDS͞PAGE sample buffer, and run on 14% acrylamide precast Novex gels. Proteins were electroblotted onto Immobilon membranes (Millipore) and PrP was detected by using a polyclonal rabbit antiserum (R30) raised against a synthetic peptide corresponding to residues 89-103 of the mouse PrP amino acid sequence and a peroxidase-conjugated goat anti-rabbit secondary antibody. The blots were developed by using enhanced chemiluminescence reagents (Amersham). Relative PrP-res band intensities were estimated visually by comparing autoradiographic exposure times giving equivalent band intensities.
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tation of 35 S-PrP-sen were performed as described previously (3) except that a 1-h pulse and no chase was used for the labeling. PcTS-Fe 3ϩ was maintained at 10 M in the labeling media of all but the control cells.
Cell-Free Conversion Reactions. PrP-res was purified from the brains of hamsters infected with 263K strain as described previously (27) . Preparation of 35 S-labeled hamster PrP-sen was carried out as described (28) . The PrP-sen used here was the recombinant PrP-sen that lacks a glycophosphatidylinositol anchor because of the introduction of a stop codon at hamster PrP codon 231 (29) . Conversions in the presence of GdnHCl were performed as described (28) . In brief, PrP-res was incubated in 2.5 M GdnHCl for 1 hr at 37°C. Then the GdnHCl-treated PrP-res was mixed with 35 S-labeled PrP-sen (20,000 cpm) in the presence of 1 M GdnHCl͞1.25% N-lauryl sarcosine͞5 mM cetyl pyridinium chloride͞50 mM sodium citrate, pH 6.0. For GdnHCl-free conversions [to be detailed elsewhere (M.H. and B.C., unpublished results)], PrP-res was diluted to 50 ng͞l with water and sonicated briefly. Then 100 ng of PrP-res was mixed with 35 S-labeled PrP-sen (20,000 cpm) in a total volume of 20 l, which also contained 200 mM KCl͞5 mM MgCl 2 ͞0.625% N-lauryl sarcosine͞50 mM sodium citrate, pH 6.0. Conversion reaction mixtures were incubated at 37°C for 2 days. Nine-tenths of reaction mixture was treated with 20 g͞ml of PK (50 mM Tris⅐HCl, pH 8.0͞150 mM NaCl, in 100 l) for 1 h at 37°C. Digestion by PK was stopped by adding Pefabloc (Boehringer Mannheim) to 2 mM. Thyroglobulin (20 g) was added as a carrier. The remaining one-tenth of the reaction mixture was analyzed without PK treatment. Methanol precipitates of the proteins were subjected to SDS͞PAGE by using 14% acrylamide precast gels (Novex). Radioactive proteins were visualized and quantified by using a Storm PhosphorImager instrument (Molecular Dynamics).
RESULTS

Inhibition of PrP-res Formation by Phthalocyanine (Pc)
Sulfonates in ScNB Cells. Pc sulfonates (Fig. 1) were added to the medium of cells seeded at 5% confluent density and the cultures were allowed to grow to confluence over 3-4 days. The cells then were harvested and analyzed for PrP-res content by immunoblotting. Each Pc sulfonate reduced the level of PrP-res detected at a concentration of 10 g͞ml (Ϸ10 M) ( . PrP-res band intensities are presented as mean percentage band intensity (ϮSD) relative to that from untreated control ScNB cells. All Pcs were tested at 10 M and a few at lower concentrations to estimate the concentration giving 50% inhibition of PrP-res formation relative to control (IC50). PcTS and PcTrS designate compounds with four and three sulfonic acid groups, respectively, per molecule with only one on each peripheral, six-membered ring; variation in ring location results in a mixture of isomers. A superscript ''a'' indicates that a Ͼ80% drop in the 35 S-PrP-res formation was observed between 10-fold dilutions of the inhibitor; we report the IC50 as the concentration halfway between the 10-fold dilutions tested, but the actual value could be Ϯ50% of that value. To control for the possibility that these effects were a result of artifactual interference with the detection of PrP-res rather than an inhibition of PrP-res accumulation in the cells, one of the most effective inhibitors, PcTS-Fe 3ϩ , was added at 10 M (Ϸ10-fold higher than the IC 50 ) to cell lysates before the addition of PK and further processing for the detection of PrP-res. No effect on the PrP-res immunoblot band intensity was observed in comparison with untreated control cell lysates (Fig. 2C) , indicating that the PcTS-Fe 3ϩ did not interfere with PrP-res detection.
Inhibition of PrP-res Formation by Deuteroporphyrins (DP) in ScNB Cells. DP(SO 3 Ϫ ) 2 and DP(SO 3 Ϫ ) 2 Fe 3ϩ appear about equally effective in reducing PrP-res formation at concentrations of 10 g͞ml (Ϸ12 M) (Fig. 3) . Converting the propionate groups to uncharged methyl esters as in DP(SO 3 Ϫ ) 2 Me 2 resulted in less inhibition. Inhibitory potency was retained by molecules containing glycols in place of the sulfonates with the Fe 3ϩ complex of DP(glycol) 2 being a better inhibitor than the metal-free compound.
Inhibition of PrP-res Formation by Porphines with Meso Substituents in ScNB Cells. Among the metal-free tetraphenyl porphines (TPhPs; Fig. 4) , the presence of positively charged groups of T(Ph-4-NMe 3 ϩ )P resulted in a more effective inhibitor than either of the negatively charged carboxylate and sulfonate groups of T(Ph-4-COOH)P and T(Ph-4-SO 3 Ϫ )P, respectively. Insertion of Fe 35 S-PrP-sen of untreated control cells, respectively. Moreover, none of the compounds tested in this study affected the rate of growth of the cells to confluence. Thus, the inhibition of PrP-res formation by PcTS-Fe 3ϩ was not a result of effects on cell division, protein biosynthesis in general or the biosynthesis of PrP-sen in particular.
Inhibition of PrP-res Formation in a Cell-Free System. The effects of tetrapyrroles on PrP-res formation was examined in a highly specific, cell-free conversion reaction (28, (30) (31) (32) (33) . PrP-res isolated from scrapie-infected hamster brain tissue was used to induce the conversion of immunoprecipitated hamster (Fig. 6A, B, D , and E). However, there was no apparent reduction in the PKresistance and immunoblot detection of the input PrP-res by either compound (Fig. 6C ). Additional tests with 10 g͞ml tetrapyrrole under the conditions of Fig. 6D indicated that metal-free PcTS, DP(glycol) 2 Fe 3ϩ , and the metal-free DP(glycol) 2 reduced conversion to 0 Ϯ 0%, 3 Ϯ 1%, and 71 Ϯ 16% of control (mean Ϯ SD), respectively. Meso-tetrasubstituted porphines with positively charged substituents were not significantly inhibitory [T(Ph-4NMe 3 ϩ )P, T(Ph-4-NMe 3 ϩ )P-Fe 3ϩ , T(N-Me-4-Py)P-Fe 3ϩ , and T(N-Me-2-Py)P] or were weakly inhibitory [T(N-Me-4-Py)P (66 Ϯ 18% of control)]. Thus, with the exception of the tetrapyrroles with positively charged substituents, a variety of tetrapyrroles that inhibited PrP-res formation in the ScNB cells also inhibited the cell-free system reaction.
DISCUSSION
The present results show that tetrapyrroles inhibit PrP-res formation in both mouse ScNB cells and the hamster PrP   FIG. 3 . Inhibition of PrP-res formation in ScNB cells by sulfonate-and glycol-substituted deuteroporphyrins (DP). Analysis of effects of DPs on PrP-res accumulation was performed as described in the legend to Fig. 1 and Materials and Methods. A superscript ''a'' indicates that no difference in PrP-res immunoblot signal intensity could be discerned visually between replicates; however, with the autoradiographic methodology used, it was difficult to discriminate differences of Ϯ5%.
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Proc. Natl. Acad. Sci. USA 95 (1998) 12119 cell-free conversion system. The ScNB cell experiments indicated that this inhibition occurred without apparent cytotoxicity or effects on the rate of PrP-sen biosynthesis. Compared with the prototypic inhibitor Congo red (34), the PcTS-Fe 3ϩ is about 10-fold more potent as an inhibitor in the cell-free conversion reaction (Fig. 6 ). On the other hand, PcTS-Fe 3ϩ is about 100-fold less potent than Congo red as an inhibitor in the ScNB cell system ( Figs. 1 and 2; ref. 2). The basis for the discrepancy in the relative potencies of these inhibitors in these two experimental systems is not known, but may be a result of differences in the PrP molecules involved (mouse vs. hamster) or differences in the extent to which these compounds engage in nonproductive binding to unrelated plasma or cellular proteins in the ScNB system. Both plasma proteins, such as albumin, and cytosolic proteins are known to bind some tetrapyrroles avidly (20, (35) (36) (37) , which would reduce the tetrapyrrole molecules available for binding to PrP-sen and PrP-res. Furthermore, the self-association of some tetrapyrroles may also reduce the effective tetrapyrrole concentration significantly (38) (39) (40) (41) (42) . Potential Mechanism of Inhibition. Because of the complexity of the ScNB cell culture system, many possible mechanisms of inhibition by tetrapyrroles in this system can be envisioned, ranging from direct effects on PrP-sen7PrP-res interactions to indirect effects on the biology of the cells. However, since several of these compounds also inhibit the cell-free conversion reaction, which is composed predominantly of PrP species, it is likely that the inhibition by the tetrapyrroles is due to their direct interactions with PrP molecules. The binding of tetrapyrroles to either form of PrP might sterically hinder PrP-res7PrP-sen interactions or affect the conformations of the molecules in ways that interfere with FIG. 4 . Inhibition of PrP-res formation in ScNB cells by meso-tetrasubstituted porphines (TSP). Analysis of effects of TSPs on PrP-res accumulation was performed as described in the legend to Fig. 1 and Materials and Methods. A superscript ''a'' indicates that no difference in PrP-res immunoblot signal intensity could be discerned visually between replicates; however, with the autoradiographic methodology used, it was difficult to discriminate differences of ϷϮ5%. A superscript ''b'' indicates that a Ͼ80% drop in the 35 S-PrP-res formation was observed between 10-fold dilutions of the inhibitor; we report the IC50 as the concentration halfway between the 10-fold dilutions tested, but the actual value could be ϷϮ50% of that value. the conversion reaction. Nonetheless, since the PrP-res preparations presumably are not completely pure, it remains possible that tetrapyrrole interactions with other molecules might play a role in inhibition.
Effect of Structure on Inhibitor Effectiveness. Since Congo red and most of the other known polyanionic inhibitors of PrP-res formation are sulfonated or sulfated, we anticipated that the sulfonated porphyrins and phthalocyanines might be the best inhibitors. Surprisingly, however, the sulfonates or other anionic groups were not required for inhibition by the porphyrins (Figs. 3 and 4) . Indeed, porphyrins with neutral glycol, or even cationic, substituents were effective inhibitors. This aspect of the porphyrins stands in contrast to the polysulfated glycans, which are ineffective when the sulfates are removed or substituted with cationic groups (3).
Previous studies of a variety of tetrapyrrole systems provide a firm basis for predicting the important types of bonding interactions that contribute to both tetrapyrrole7protein binding and tetrapyrrole self-associations. These are electrostatic interactions of groups on the periphery of the core ring, protic interactions at the central nitrogens if metal-free, axial ligand binding at metal in metal complexes, and -bonding of the core aromatic ring and any peripheral aromatic rings (38, 39, 41, 43) . The large planar core aromatic ring system is likely to be an important feature because it is common to all the tetrapyrrole inhibitors, whereas the peripheral substituents and metals ions (or lack thereof) can vary widely. The identification of the most effective inhibitor and therapeutic agent among tetrapyrrole structures will require the optimization of the combination of core structures and substituents. Important therapeutic parameters likely will include not only the specificity and affinity of PrP binding of these compounds, but also the pharmacokinetics, side effects, toxicity, and delivery to the brain. Many of the tetrapyrrole inhibitors found here are known to be well tolerated in animals, e.g., PcTS-Al (19, 21, (44) (45) (46) (47) (48) . An ability to penetrate the blood-brain barrier is expected to be helpful although an inhibitor could be useful prophylactically by preventing PrPres formation outside the central nervous system. Data on the penetration of the blood-brain barrier by tetrapyrroles are limited. One inhibitor studied here, PcTS-Al 3ϩ , and several DP analogs appear to enter the brain (23) (24) (25) (26) 48) . The intrinsic lipophilicity of tetrapyrroles favors the development of effective modalities for their delivery to the brain.
Tetrapyrroles, TSEs, and Other Amyloidoses. The mechanism of conversion of PrP-sen to PrP-res appears to resemble A, B, and D) or GdnHCl-containing conditions (E). 35 SPrP-sen was incubated with unlabeled PrP-res for 2 days in the presence of the designated concentration of phthalocyanine. One-tenth of the reaction was analyzed by SDS͞PAGE without PK digestion; the remainder was digested with PK. (A and B) Phosphor autoradiographic images of 35 S-PrP species; open and solid triangles, monoglycosylated and unglycosylated 35 S-PrP, respectively, without PK treatment; open and solid circles, monoglycosylated and unglycosylated 35 S-PrPres, respectively, after PK digestion. (C) Immunoblot analysis of the total PrP-res in the PK-digested reaction products using mAb 3F4 [which has an epitope within the normally PK-resistant portion of PrPres (50)] as described (51) . Molecular mass markers are designated in kDa along the right side of A-C. The loss of 35 S-PrP in the 100 M PcTS-Fe 3ϩ lane (-PK) appeared to be due to SDS-insoluble aggregation because higher-molecular-mass 35 S-PrP species were visible near the top of the lane (not shown). Because this apparent aggregation was not observed with lower, but highly inhibitory, concentrations of PcTS-Fe 3ϩ (e.g., 1 M) or with PcTrS-Al 3ϩ or several other inhibitory tetrapyrroles described in the text, we conclude that it was not related to inhibition. (D and E) Graphs of the quantitated 35 S-PrP-res products (bands marked with circles in A and B) using GdnHCl-free or GdnHCl-containing conditions, respectively. The data points show the mean Ϯ SD of triplicate determinations. the pathogenic processes of amyloid formation associated with a variety of other diseases including Alzheimer's disease and Type 2 diabetes (1). Thus, it is possible that these tetrapyrroles might serve as inhibitors not only of PrP-res formation, but also of other types of amyloid formation. A recent report showed that another porphyrin, hemin, can inhibit Alzheimer's ␤ peptide polymerization and cytotoxicity (49) . This observation and the present study showing that a broad spectrum of porphyrins and phthalocyanines inhibit PrP-res formation make tetrapyrroles attractive candidates for more extensive study. Fortunately, in the case of TSE diseases, excellent animal models are available for testing their potential therapeutic effects.
